The viral landscape of the honey bee (Apismellifera) has changed as a consequence of the global spread of the parasitic mite Varroa destructor and accompanying virulent strains of the iflavirus deformed wing virus (DWV), which the mite vectors.
INTRODUCTION
The impact of viruses on global honey bee (Apis mellifera) populations is constantly changing. Early studies showed that most of the dozen or so known honey bee viruses primarily persisted as latent or 'inapparent' infections, with only localized acute outbreaks occurring under certain conditions [1, 2] . However, since the 1990s, studies have shown that the previously benign viral landscape has changed [3] [4] [5] , underpinned by the global spread of the parasitic mite Varroa destructor and the accompanying virulent strains of the iflavirus deformed wing virus (DWV), which the mite vectors and which have become key factors in honey bee colony losses [3, [6] [7] [8] . This change has also coincided with the uptake of new research detection methodologies, such as high-throughput sequencing (HTS), which has uncovered several new RNA viruses, including the Lake Sinai virus (LSV) group, which are distantly related to the Nodaviridae, and two dicistroviruses, aphid lethal paralysis virus (ALPV)-Brookings and Big Sioux River virus (BSRV), with the latter being related to Rhopalosiphum padi virus (RhPV) [9, 10] . Other HTS studies of A. mellifera have also discovered a novel variant of the pathogenic DWV complex [11] , a macula-like virus (AmMLV) that is similar to Tymoviridae [12] , and, most recently, several negative-sense RNA viruses belonging to the families Rhabdoviridae and Bunyaviridae [13, 14] . Hence, the A. mellifera virome is more diverse than had previously been thought when using traditional methods. At present, approximately 20 viruses have been characterized, primarily belonging to the families Iflaviridae and Dicistroviridae [15, 16] . However, compared with the virome diversity identified in other arthropod species and insectivorous bats [17] [18] [19] [20] [21] [22] [23] [24] [25] , the A. mellifera virome still appears to be under-characterized.
Perhaps the general lack of diversity observed in the A. mellifera virome is due to the now almost global distribution and dominance of V. destructor-vectored DWV, as the presence of V. destructor-vectored DWV in honey bee populations can dramatically reduce DWV strain diversity and the prevalence of some viruses [3, 4, 26] . If this is the case, there are now few opportunities left to examine A. mellifera in the absence of these two strong influences. However, the Australian A. mellifera population remains naïve to parasitic mites and DWV [6] and therefore provides a rare opportunity to view viral diversity in A. mellifera free of their influence. To explore this hypothesis we used viral particle enrichment and high-throughput mRNA sequencing to examine the virome of multiple A. mellifera pools across Australia. Our findings revealed numerous RNA viruses spanning the order Picornavirales [27] . Multiple strains of ALPV, BSRV and RhPV were identified in Australia for the first time, which supports a global distribution and association with A. mellifera for these viruses. We also described 42 putative novel viruses with potential to be pathogenic in A. mellifera, including two DWV-like viruses. While further work is needed to determine whether these putative viruses actively infect A. mellifera, our results suggest that without the influence of parasitic mites and DWV, the A. mellifera virome may typically be dominated by a diverse virus population of the order Picornavirales.
RESULTS

Sequences related to known viruses
Our first approach to identify viruses that potentially infect A. mellifera was to map trimmed reads to the NCBI viral reference genome database. The majority of virus reads belonged to five common honey bee viruses; black queen cell virus (BQCV), sacbrood virus (SBV), Israeli acute paralysis virus (IAPV) and Lake Sinai virus (LSV) 1 and 2, which have been analysed and reported separately [6] . However, multiple other arthropod viruses (Table 1) and plant  viruses (Table S1 , available in the online version of this article) were also detected, albeit at comparatively low levels.
Sequences related to two aphid dicistroviruses, RhPV and ALPV, were found in several samples. Similar viral sequences have been described from overseas studies, suggesting a common occurrence in A. mellifera. The RhPV-like isolates from this study were more related to the reference strain and were less than 80 % similar to the RhPV-like virus, BSRV, identified in USA honey bees [9] . However, reference mapping did recover a 647-nucleotide fragment from the VN-2 sample that had 93 % identity to BSRV. Phylogenetic analysis split the Australian RhPV isolates into two groups; the VN-3 isolate shared 98 % identity with the RhPV reference strain, while the SA and QLD isolates grouped separately, with only 84 % identity to RhPV (Fig. 1a) . ALPV-like isolates were found in all regions, but only the SA and QLD isolates had sufficient coverage for phylogenetic analysis. Ã 350-nucleotide fragment recovered from the NT sample by reference mapping was 98 % similar to the ALPV reference strain, while all other isolates had between 81-91 % identity. The QLD and SA isolates were again split into two groups, with the SA isolate being similar to the Brookings strain identified from USA honey bees and an aphid strain from Acyrthosiphon pisum, while the QLD isolate was more related to the reference strain (Fig. 1b) .
Three viruses associated with the family Drosophilidae were also found in these Australian samples. Empeyrat virus, Thika virus and La Jolla virus were widespread in the samples, although the majority of reads were found in the NT and WA2 samples. These viruses are new discoveries and both Thika virus and La Jolla virus have been detected in Australian Drosophila simulans [17] . Empeyrat virus has only been detected from Scaptodrosophila deflexa in France [24] , which is not found in Australia, although numerous other Scaptodrosophila spp. are present.
Three other insect viruses were also detected: cricket paralysis virus (CrPV), himetobi P virus (HiPV) and kelp fly virus (KFV). CrPV was only detected in the NT sample of this study, but has previously been found by serology in southeast Australia [2] . HiPV is a virus of plant hoppers, and was first isolated from Laodelphax striatellus in Japan and later found in other hemipteran species in China [28, 29] . HiPV was restricted to the NT sample and may originate from one of the several plant hopper species that exist in the region. KFV was present at low levels in all samples. This virus was first isolated by injecting kelp fly (Chaetocoelopa sydneyensis) extracts into wax moth larvae (Galleria mellonia) [30] . This virus was subsequently isolated from the fly itself and not found in uninjected wax moth larvae [31] . The fact that the wax moth is a common pest of A. mellifera colonies suggests that KFV may naturally infect G. mellonia and be the source of KFV in A. mellifera colonies.
Sequences related to viruses of the order Picornavirales Our second approach was to de novo assemble sequence contigs for each sample to identify viruses not captured by reference mapping. This generated 49 contigs that were larger than 5000 nucleotides, which represented 42 putative novel insect viruses and 7 putative novel plant viruses. Of the putative insect viruses, 31 contigs represented nearcomplete genomes with both structural and non-structural genes present that are characteristic of insect Picornavirales, while several contigs were only partial genomes covering the RNA-dependent RNA polymerase gene. Based on their genomic organization and sequence identity, we identified 11 putative dicistroviruses (Table S2) , with two open reading frames (ORF) and the structural proteins located C terminal to the non-structural proteins, and 11 putative Iflaviruses (Table S3 with a single ORF and the structural proteins N terminal to the non-structural proteins. The remaining contigs had genome organizations and distant sequence identity to several unassigned virus families (Table S4 ). The genome organization and sequence identity of the putative plant viruses suggested that three might belong to the family Secoviridae of the order Picornavirales, while three might belong to the family Betaflexiviridae of the order Tymovirales and one might belong to the unassigned family Virgaviridae (Table S5) .
Phylogenetic analyses based on a multiple sequence alignment of the conserved domains of the RdRp gene were used to explore the relatedness of the putative novel arthropod viruses with each other and with described members of the Picornavirales. This revealed a remarkable diversity among these viruses that spanned the spectrum of known viruses in these groups. The majority of the putative novel dicistroviruses were clearly distinct from other dicistroviruses, with only 40-50 % amino acid identity (Fig. 2 ). Exceptions to this were two contigs from the NT and QLD samples (NT-5 and QLD-7) that were 92 and 74 % similar, respectively, to the newly identified Empeyrat virus and goose dicistrovirus. Excluding known honey bee viruses, Empeyrat virus was the only virus detected by both reference mapping and de novo assembly. Among the putative Iflaviruses there were several QLD and NT contigs with similarity to known honey bee viruses (Fig. 3) . Two contigs (QLD-14 and NT-12) had 69 and 53 % amino acid identity, respectively, to the DWV complex, while two contigs (NT-6 and NT-17) were 57-58 % similar to SBV. The other putative novel viruses were distributed across multiple unclassified genera of the order Picornavirales, with again less than 50 % amino acid identity to any virus (Fig. 4) .
Read mapping to the de novo-assembled virus sequences found that most contigs were only found in one sample or in some cases were present at very low levels in one other sample. It also showed that these contigs were at relatively low abundance, being mostly present at less than 1000 TPM (Tables S2-S5 ), compared to the detected honey bee viruses, which were often at more than 100 000 TPM. The NT sample was a notable exception, with all nine contigs (representing nine putative novel viruses) being found with between 4333 to 138 965 TPM. This sample also had a significantly low abundance of honey bee viruses (less than 14 000 TPM), which may have allowed other viruses to increase.
DISCUSSION
Using an HTS approach, we have provided evidence for the A. mellifera virome being significantly larger and more diverse than previously shown. Although our analysis was targeted at polyadenylated genomes, we still detected a surprising number of known and putatively novel insect viruses spanning the order Picornavirales. A recent whole-transcriptome study of the invertebrate 'virosphere', which did not use viral enrichment, also found that Picornavirales viruses were the dominant group, suggesting that this may be a common feature of insect viromes [25] . However, this has not been observed in other studies. For instance, a large number of novel viruses were recently discovered in populations of several Drosophila species, but only 9 out of 46 novel viruses were classified in the order Picornavirales, with most being unassigned positive-strand RNA viruses, negative-strand RNA viruses and double-stranded RNA viruses [17, 24] . The volume of viruses detected here is also remarkable compared to that for a recent whole-transcriptome analysis of several Varroa-tolerant A. mellifera populations [13] . That analysis identified seven new viruses, which included four negative-sense RNA viruses but only one novel iflavirus and dicistrovirus, none of which were detected in our study. Furthermore, two recent HTS analysis of several wild bee species (Bombus terrestris, B. cryptarum, B. pascuorum, O. bicornis, O. cornuta, Andrena fulva, A. haemorrhoa, A. cineraria and A. vaga) used an mRNAenrichment strategy and reported primarily negative-strand viruses, with the only Picornavirales viruses detected being several known honey bee viruses and one novel iflavirus [32, 33] .
A likely reason for these differences is the different methods used to generate the HTS data. We used a viral particle enrichment protocol that involved ether and, while it was not our intention, this would have disrupted enveloped viruses, such as the negative-strand RNA viruses, and exposed them to degradation in the subsequent RNase/ DNase step. Combined with the sequencing of mRNAtargeted libraries, this has skewed the detection of the Picornavirales group. Therefore, it is quite possible that the negative-strand RNA viruses detected overseas also exist in the Australian A. mellifera population. However, the high number of Picornavirales found still suggests that these viruses may predominate in Australian A. mellifera. To explore this further we examined the viral family distribution in insect species of other families of the Hymenoptera. Matching up viruses with hosts belonging to the Hymenoptera using the 'Virus-Host DB' online database [34] , with some additional inclusions (see Table S6 ), identified 59 viruses, which were isolated from 8 insect families (Table 2 ). This showed that the bee family (Apidae) was over-represented with viruses of the Picornavirales (12/25), as compared to the ant family (Formicidae: 3/14) and the wasp families, with more than 5 identified viruses (Braconidae: 1/7 and Ichneumonidae: 1/6). Accepting the limitations of this analysis due to the small number of known viruses infecting hymenopteran insects, our conclusion that A. mellifera appears to be preferentially infected with viruses of the Picornavirales is consistent with current data.
The large diversity of positive-strand RNA viruses reported here could also be representative of a V. destructor-free viral landscape. This parasitic mite is an effective vector of honey bee viruses and has had a significant impact around the world on viral dynamics [3, 4, 35] . The Australian A. mellifera population presents a rare window into the extent that viral landscapes have changed in the wake of Varroa invasions. One interesting observation was the high diversity and relative abundance of viruses present in the tropical NT sample, which had a considerably low prevalence of known honey bee viruses compared with the other Australian samples [6] . It is possible that when honey bee viruses are low in a population, this may allow other viruses to emerge and fill the vacant ecological niches. This hypothesis was proposed to explain the absence of acute bee paralysis virus and the presence of Kashmir bee virus in Australian and New Zealand honey bees [6, 36] . High titres of DWV have been shown to displace some honey bee viruses [4] and competition between honey bee viruses has been demonstrated in vitro and in vivo [2, 37] , although other honey bee viruses, particularly BQCV, have maintained high prevalence alongside DWV [38] [39] [40] [41] . There is also the notable absence of virus complexes in Australia that have Varroa-associated strains. For instance, DWV and Apis mellifera macula-like virus (AmMLV) each have strains that are associated with Varroa, e.g. DWV-B and VdMLV [12, 42] , but were not detected in any Australian sample. This indicates that both of these virus complexes may have originated in V. destructor and have subsequently adapted to A. mellifera. Further evidence for this also comes from the fact that DWV was not detected in New Zealand honey bees before and immediately after the arrival of V. destructor, and only after the mite became established did the virus appear [4, 43, 44] .
BSRV and ALPV-Brookings were recently identified in North American and European honey bee populations [9, 45, 46] , and the detection of BSRV, RhPV-like and ALPVlike sequences in Australian honey bees supports a global distribution for these insect viruses in A. mellifera. However, we also detected isolates with remarkably high similarity to the reference strains of RhPV and ALPV. Our VN3 isolate was 98 % similar to the RhPV reference genome and, to the best of our knowledge, this is the first report of this virus in A. mellifera. For ALPV, two distinct lineages have been identified that separate A. mellifera and A. pisum isolates from all other known isolates [47] . However, Australian isolates aligned to both lineages, which expands the known diversity of ALPV-like viruses in honey bees. The presence of these two virus groups in multiple populations around the world, sampled in different years and seasons, supports the view that they are common in A. mellifera hives and may actively infect honey bees. However, their low read abundance in our studies indicates that more research is required to determine their importance for colony health.
Three novel Drosophila spp. viruses (Empeyrat, Thika and La Jolla viruses) and three other insect viruses (CrPV, HiPV and KFV) were found in Australian A. mellifera samples, although the generally low abundance of these insect viruses suggests minimal importance for A. mellifera or an inability to replicate in honey bees. The exception was Empeyrat virus, which was significantly abundant, with 313 702 reads coming almost exclusively from the NT sample, and represented by contig NT-5 from the de novo assembly. This virus was only recently discovered in the drosophilid S. deflexa [24] and is closely related to a novel dicistrovirus recovered from the faeces of Canadian geese [48] . The wide distribution of this virus in at least two insect hosts (A. mellifera and S. deflexa) suggests that it may be a generalist, capable of infecting multiple insect species. However, the relatively high abundance of Empeyrat virus found here suggests an ability to cause acute infections in A. mellifera and warrants further investigation to determine its virulence compared to related honey bee viruses (e.g. IAPV and BQCV).
Our studies showed 42 putative novel arthropod viruses with genomes matching the Picornavirales in the Australian A. mellifera population. The genome organization of these viruses suggests that they are arthropod-infecting viruses, but caution is needed before we define all of these viruses as infecting A. mellifera. Some viruses could be environmental contaminants like the numerous plant viruses detected, or perhaps infect A. mellifera endosymbionts [49] . siRNA sequencing and negative-strand RT-PCR have been used effectively in other studies to establish viral replication in A. mellifera and other insects [9, 12, 13, 18, 42] and would be useful approaches to further characterize these viruses. The importance of these viruses to the health of A. mellifera is uncertain, as most were found at modest levels and they were typically restricted to a single sample, although the prevalence of these viruses may change under different biotic and abiotic factors [3, 50] . Predicting the potential of these viruses to be emerging pathogens in A. mellifera is difficult, as genetic similarity does not necessarily equate to pathogenicity. However, several viruses were weakly related to key honey bee viruses (DWV and SBV) and hence could potentially have similar pathogenic characteristics in A. mellifera under certain conditions. For instance, with the apparent absence of DWV strains in Australia, the arrival of Varroa could result in the viruses, represented by contigs NT-12 and QLD-14, emerging as DWV-like pathogens.
This study has provided valuable insight into the A. mellifera virome in the absence of parasitic mites and DWV to demonstrate that there is much greater viral diversity than previously recognized, one that appears to be dominated by the Picornavirales. This is consistent with the hypothesis that V. destructor-vectored DWV may reduce virome diversity in A. mellifera populations, although further comparisons using identical sequencing approaches are needed. The role of this broader viral landscape will also need to be further explored to understand its influence on viral dynamics and honey bee health. 
METHODS
Sample collection
Between August 2013 and April 2015 samples were collected from 140 commercial beekeepers from across Australia as previously described [6] . At each apiary, approximately 25 adult bees per hive were collected off brood comb from 8 randomly chosen hives and combined for a pooled apiary sample. All samples were collected on ice, transported, frozen to the laboratory and then stored at À20 C.
Sample preparation, RNA extraction and HTS library construction Adult bee samples were homogenized in 10 ml of 0.05 M potassium phosphate buffer. Nine pools representing different geographical and temporal collections (Table S7) were created from 1 ml of homogenized bee extract per apiary sample into a screw-cap centrifuge tube and adjusted with 0.05 M potassium phosphate buffer for a total volume of 20 ml. Then 3 ml diethyl ether and 3 ml chloroform were added, shaken vigorously and centrifuged at 6000 r.p.m. for 30 min (J-E Avanti centrifuge). Supernatants were transferred to Ultraclear SW28 tubes (Beckman Coultier) and centrifuged at 21 500 r.p.m. for 3.5 h at 4 C (Beckman L-80 ultracentrifuge). Pelleted samples were dissolved in 1 ml of 0.05 M potassium phosphate buffer and then passed through a 0.22 µm filter to remove bacterial contamination. We then mixed 340 µl of each filtered sample with 10 µl of RNase, 10 µl DNase and 40 µl of DNase I buffer and incubated at 37 C for 2 h. RNA was extracted from the treated samples using the Purelink viral RNA extraction kit. Illumina libraries were prepared using the TruSeq stranded mRNA library prep kit (Illumina, San Diego, CA, USA) and 100 bp paired-end sequences were generated on an Illumina HiSeq 2500 run in rapid mode at the Biomolecular Research Facility (Australian National University, Canberra). An average of 93 million paired-end reads were generated per library.
Analysis of viral sequences
Bioinformatics analysis of RNA-seq data was performed in the CLC Genomic workbench (Qiagen, Aarhus). Raw data were quality trimmed and adapter sequences were removed before the trimmed reads were mapped to a curated list of reference virus genomes retrieved from the NCBI GenBank database. Trimmed reads were also mapped to the A. mellifera reference genome to check the effectiveness of the virus enrichment steps. This found that fewer than 3 % of reads mapped to A. mellifera for all libraries, except the NT sample, which had 35 % of reads map to A. mellifera. Mapping parameters were set with a length fraction of 1.0 and a similarity fraction of 0.8. Consensus sequences were manually inspected for genome coverage and similarity to mapped reference genomes using BLASTN. Read counts were normalized into transcripts-per-million (TPM) counts. Trimmed data were also de novo assembled in the CLC Genomics workbench using default parameters and a minimum contig length of 1000 nucleotides. Contigs were compared against the NCBI non-redundant protein database using BLASTX and contigs of interest were inspected manually to detect potential variant genomes. Phylogenetic analysis of viral genomes was performed in MEGA7 [51] . Multiple amino acid sequence alignments (Figs S1-S5) with relevant reference sequences were performed with MUSCLE and consensus maximum-likelihood phylogenetic trees were constructed using appropriate models for each virus and 1000 bootstraps.
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